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Abstract
Since the 1980s, advances in wastewater treatment technology have led to considerably improved surface water quality in
the urban areas of many high income countries. However, trace concentrations of organic wastewater-associated
contaminants may still pose a key environmental hazard impairing the ecological quality of surface waters. To identify key
impact factors, we analyzed the effects of a wide range of anthropogenic and environmental variables on the aquatic
macroinvertebrate community. We assessed ecological water quality at 26 sampling sites in four urban German lowland
river systems with a 0–100% load of state-of-the-art biological activated sludge treated wastewater. The chemical analysis
suite comprised 12 organic contaminants (five phosphor organic flame retardants, two musk fragrances, bisphenol A,
nonylphenol, octylphenol, diethyltoluamide, terbutryn), 16 polycyclic aromatic hydrocarbons, and 12 heavy metals. Non-
metric multidimensional scaling identified organic contaminants that are mainly wastewater-associated (i.e., phosphor
organic flame retardants, musk fragrances, and diethyltoluamide) as a major impact variable on macroinvertebrate species
composition. The structural degradation of streams was also identified as a significant factor. Multiple linear regression
models revealed a significant impact of organic contaminants on invertebrate populations, in particular on Ephemeroptera,
Plecoptera, and Trichoptera species. Spearman rank correlation analyses confirmed wastewater-associated organic
contaminants as the most significant variable negatively impacting the biodiversity of sensitive macroinvertebrate species.
In addition to increased aquatic pollution with organic contaminants, a greater wastewater fraction was accompanied by a
slight decrease in oxygen concentration and an increase in salinity. This study highlights the importance of reducing the
wastewater-associated impact on surface waters. For aquatic ecosystems in urban areas this would lead to: (i) improvement
of the ecological integrity, (ii) reduction of biodiversity loss, and (iii) faster achievement of objectives of legislative
requirements, e.g., the European Water Framework Directive.
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Introduction
In urban areas, the water quality of small streams is
predominantly impacted by structural degradation of stream
morphology (e.g., channelization and straightening), agricultural
land use in the catchment, and a high load of treated wastewater
(WW). These are also the most apparent drivers of ecological
conditions in anthropogenically disturbed surface waters. Togeth-
er, these stressors have led to significant declines in aquatic fauna
populations and biodiversity, in particular in freshwater ecosys-
tems, which in turn has had a profound impact on the ecological
integrity of many aquatic ecosystems [1–5].
The ecological quality of surface water is commonly assessed by
analyzing benthic macroinvertebrate species assemblages [6]. The
highly diverse group of aquatic invertebrate organisms encom-
passes many euryoecious and stenoecious species [7]. The latter
have narrow ecological requirements in terms of physico-chemical
water parameters and structural characteristics of the water body.
Consequently, assessing the invertebrate community can provide a
picture of the ‘health’ of the water body and can be used to identify
factors affecting its ecological quality (e.g., structural deterioration,
acidification, oxygen deficiency). The technique involves compar-
ing the composition and abundance of the present invertebrate
taxa to established reference communities from anthropogenically
least-disturbed reference sites.
Evaluating and improving the ecological status of surface waters
is increasingly perceived to be important, which is reflected by
legislation changes in this area [6,8]. For this purpose, worldwide
many different macroinvertebrate-based rating systems for eco-
logical status evaluation with hundreds of indices, metrics, and
evaluation tools have been developed [6,8]. In the European
Union, the Water Framework Directive (WFD) [9]–enacted in
2000–set an objective that all coastal and inland waters of Europe
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these waters is the ASTERICS software (AQEM/STAR Ecolog-
ical River Classification System), which assists the assessment of
ecological status. If the outcomes of ASTERICS analysis indicate a
poor ecological status, key causal factors and mitigation and
remediation options must be identified and explored in order to
achieve the ‘good status’ benchmark.
Until the early 1980s in Germany, the primary driver of the
deterioration of aquatic ecosystems was the large input of nutrients
via WW discharge [10]. However, as progressive WW treatment
and other restoration measures increased throughout the 1980s,
nutrient inputs were diminished, eutrophication reduced, and
water quality impacts were ameliorated, hence allowing aquatic
ecosystems to recover [11]. Generally, in high-income countries,
eutrophication is largely under control at present [12,13] because
of the advances in, and the prevalence of WW treatment [14].
Despite the effective removal of nutrients and other contami-
nants, treated effluent often contains trace organic contaminants
that have been demonstrated to have negative impacts on aquatic
ecosystems [13]. These anthropogenic water pollutants and their
transformation products are often present at low to very low
concentrations (e.g., ng/L). Despite such minimal trace level
concentrations, the large spectrum of organic contaminants
occurring in surface waters [15] may pose a potential threat to
aquatic wildlife, particularly with regard to mixture toxicity.
Pharmaceuticals and personal care products in particular often
exhibit high biological activity–some of which are also persistent in
the environment [16], thus giving them the potential to affect
aquatic species [17–23]. The presence of these contaminants in
urban surface water has been primarily attributed to environmen-
tal releases of municipal and industrial WW [13]. Accordingly, we
anticipate there to be a clear negative impact on macroinverte-
brate assemblages and the general ecological status of surface
waters in proximity to WW treatment plants.
Many studies have addressed the impact of water pollution on
invertebrate communities, but frequently they consider only
severely contaminated sites or individual pollutants (e.g., [24]). In
this study, we have instead focused on aquatic invertebrate
exposure to the ‘subtle pollution’ (i.e., mixtures of organic
micropollutants) occurring in German lowland streams. All
treatment plants currently operating in the study area are
equipped with biological activated sludge treatment–the most
widely used WW treatment system in high-income countries [25].
As well as the elimination of nutrients, this technology has also
been shown to effectively reduce the contaminant load and toxicity
of WW [26,27]. However, a considerable fraction of toxic
contaminants remains prevalent in WW treated by biological
activated sludge [27].
This study aimed to enhance the understanding of factors that
disturb the ecological integrity of surface waters in order to assist
decision-making around remediation and mitigation of factors
affecting the quality of surface waters. The primary objective was
to evaluate whether lowland stream macroinvertebrate assem-
blages are affected by their loads of WW-associated trace organic
contaminants (OC) in the water phase. Additionally, the potential
impacts of heavy metals (HM) and polycyclic aromatic hydrocar-
bons (PAH) in sediment were investigated.
Materials and Methods
Study Area
The study was conducted in the Hessian Ried (HR) close to
Frankfurt (Main), Germany. The region extends about 1200 km
2
and is bound by the river Main in the South, the lower mountain
range Odenwald in the East, and the river Rhine in the West. The
accumulation of sand and gravel, as a result of aggradational
deposits, forms a large aquifer that serves as drinking water
reservoir for the Frankfurt/Rhine-Main conurbation [28]. The
population of the HR is approximately 800,000. Types of land use
include intensive agriculture (predominantly cultivation of vege-
tables, fruit, wheat, and forage crops) and industry (e.g., chemical
and manufacturing industries), and high-density traffic highways
occur in the region [28]. Due to this high level of anthropogenic
disturbance, the importance of the aquifer in the region, and the
homogenous distribution of urbanization, the HR was selected as a
representative urban study area to investigate the impacts of water
pollution, physico-chemical factors, and structural characteristics
on the ecological quality of urbanized aquatic ecosystems.
Study Design
To identify key impact factors on the ecological quality, we
assessed the benthic macroinvertebrate community of the streams,
recorded a range of environmental and anthropogenic variables,
and evaluated their potential impact on the species composition
with the major focus on wastewater-associated contaminants. We
conducted this study from 2005 to 2006 at 26 sampling sites in
four river systems that run through the study area in an east-west
direction and discharge into the Rhine River (Table 1). Most
sampling sites belong to the water body type 19 (small streams in
floodplains) according to the WFD [9,29]. Exceptions are
sampling sites 1 to 6 in the Weschnitz stream (type 9: mid-sized
siliceous rivers in the lower mountain ranges with fine to crude
sediment) as well as Sw1 (type 6: small calcareous sediment rich
streams in the lower mountain ranges) and Mo1 (type 5: small
siliceous cobble-bottom streams in the lower mountain ranges
[30]). 28 sewage treatment plants are currently operating in the
catchment. The location of the sampling sites relative to these
plants, as well as the quantity of effluent discharged to streams,
resulted in different WW loads at each of the sampling sites. This
factor was defined on a scale from 0–100% (Figure S1–4). The
only sampling site without WW was Wi1.
Structural Quality of the Streams
To classify the streams with respect to their structural
modification, we recorded the morphology or water structure
quality following Zumbroich et al. [31] from class 1 (near-natural)
to class 7 (completely modified). Additionally, the stream bed
structure was characterized in detail (relative coverage of 10
different sediment types, Table S1) according to the macroinver-
tebrate sampling procedure described in Hering et al. [7].
Table 1. River systems with respective streams, abbreviations
(abbr.), and number of sampling sites (no.).
river systems streams abbr. no.
Schwarzbach-Landgraben-system Schwarzbach, Apfelbach Sw 6
Schwarzbach-Landgraben-system Landgraben, Darmbach La 2
Modau-Sandbach-system Sandbach Sa 3
Modau-Sandbach-system Modau Mo 4
Winkelbach Winkelbach Wi 5
Weschnitz Weschnitz We 6
doi:10.1371/journal.pone.0060616.t001
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We sampled the invertebrates in autumn and spring
(September 2005 and March 2006) following the multi-habitat
sampling procedure described in Hering et al. [7]. No specific
permits were required for the described field studies as none of
the sampling sites are privately-owned or protected in any way.
The responsible Hessian State Office for Environment and
Geology was informed prior to the study. Before sampling, we
assessed the substrate composition of the sampling sites of a
100-m transect of each water body. The different substrate
types were sampled according to their relative coverage with a
total of 20 sub-samples per sampling site. We used a Surber-
sampler (manufactured by precision engineers at the Goethe
University of Frankfurt, Germany) with 500-mm mesh size and
20625-cm frame size for macroinvertebrate sampling, resulting
in 1-m
2 sampling plots per sampling site. Endangered or
protected species were identified in the field and immediately
released back to the streams. The remaining sample material
was stored in 70% ethanol (denatured, Carl Roth GmbH,
Darmstadt, Germany). Macroinvertebrates were separated as
described in Haase & Sundermann [32] and determined to
species level, if possible, but at least to the minimum taxonomic
level recommended by Haase et al. [33] (Table S2–3). For
separation and identification of the species we used stereo
microscopes (Stemi 2000, Carl Zeiss AG, Oberkochen, Ger-
many) and a microscope (BX 50, Olympus, Tokio, Japan) if a
higher magnification was required, e.g., for the identification of
Ephemeroptera species. We could not sample Mo4 and Sw6
during the autumn sampling campaign due to high water levels.
Contaminants
As WW-associated pollutants commonly correlate in their
occurrence, distinguishing their individual impacts is hardly
feasible. Accordingly, a number of representative pollutants were
selected to account for the burden of WW-associated OCs in
general. At 11 sampling campaigns, water samples from each
sampling site were analyzed for 12 common organic pollutants:
five organophosphates; two musk fragrances; bisphenol A; the
alkylphenols, nonylphenol and octylphenol; and the insect
repellent diethyltoluamide (Table 2). Pollutants were selected
due to their ubiquitous occurrence in municipal WW. Unex-
pectedly, terbutryn–in Europe formerly used as agricultural
herbicide, which is still authorized as a biocide in antifouling
paints and coatings–was detected in all water samples from the
beginning of the sampling campaigns, and therefore was also
included in the analysis suite. For more detailed information on
analytical procedures and pollutant concentrations, see Qued-
now & Puettmann [34–37]. To take into account a possible
influence of sediment-bound pollutants, the sediment load of 12
HMs and metalloids as well as 16 PAHs (Table 2)–the latter
selected as proposed by the US EPA [38]–was determined
according to standard methods [39,40]. Average contaminant
concentrations are given in Table S4–6.
Water and Sediment Quality
We determined the organic carbon content and average grain
size of sediments according to standard methods [41,42]. We
recorded conductivity, temperature, O2-concentration and pH
(using multiparameter instrument Multi 350i, WTW, Weilheim,
Germany) as well as flow velocity (using a hydrometric vane from
OTT Hydromet, Kempten, Germany) during sampling events.
Colorimetric on-site tests (AquaquantH, MerckoquantH, Merck,
Darmstadt, Germany) were used to determine ammonium,
chloride, phosphate, total hardness, and carbonate hardness.
Biological oxygen demand (BOD5) was analyzed according to a
standard method [43].
Data Analysis
We used the ASTERICS software [44] to calculate the
ecological status (from 1–5: bad, poor, moderate, good, high)
and biotic metrics (e.g., saprobic index, Shannon index, Simpson
index, number of EPT taxa) for each sampling site. To reduce the
number of contaminant variables, separate principal component
analyses (PCAs) were performed using SPSS (version 14, SPSS
Inc., Chicago, USA, 2005) with the concentrations of OCs in the
water phase and concentrations of PAHs and HMs in the
sediments (Table S7–9). We only considered components with an
eigenvalue .1 to limit the number of resulting components. The
component scores were determined by regression and were
standardized with a mean of 0 and standard deviation of 1 [45].
The resulting components (OC1–4, HM1–3, and PAH1–2) with
the corresponding component scores were used to replace the
contaminant concentrations in all further analyses.
Using the statistic software R (R Development Core Team
2011) we applied non-metric multidimensional scaling (NMDS)
using Bray-Curtis dissimilarity as implemented in R package
vegan 2.0–2 [46] based on abundance data to detect differences
of macroinvertebrate taxa composition among the 26 sample
sites. NMDS displays dissimilarities in community composition
nonlinearly onto ordination space, can cope with nonlinear
species responses, and is not constrained by predictors [46]. We
excluded rare species that occurred less than three times and
that were present in less than three sampling sites. We used
taxa scores in the biplot to illustrate differences between
sampling sites. Non-correlated variables were selected (structural
quality, average discharge, organic carbon content of the
sediments, and following contaminant factors: OC1, OC2,
HM1, HM3, PAH1, PAH2; Table S1) and were fitted post-
hoc to the ordination and their significance was tested via
random permutations (1000 iterations).
We used multiple linear regression models to test the impact of
WW-associated contaminants and environmental variables on the
following dependent variables: total abundance of macroinverte-
brates, number of macroinvertebrate taxa, Simpson and Shannon
diversity of macroinvertebrates, number of EPT taxa, and
saprobic index. We started with models comprising the same set
of non-correlated variables as used for the NMDS. We used the
step function implemented in R for model selection to reach
minimum adequate models. This selection process is based on
minimizing information loss according to Akaike’s Information
Criterion values [47].
We performed Spearman rank correlation analyses using
species abundances, biotic metrics, the PCA-derived contaminant
factors, and all environmental variables (Table S1). To take into
account the toxicity of the analyzed WW-associated contaminants,
toxic units (TUs) were calculated as described in Liess & Von Der
Ohe [48] and included in the correlation analysis. The TU values
are based on effect concentrations (LC50 and ‘no observed effect
concentration’) from acute tests with Chirmonomus riparius and
chronic tests with Daphnia magna). In addition to the median
pollutant concentrations, the 90
th percentile of the concentrations
was used for TU calculations to estimate whether the peak loads
influenced the taxa composition more than the mean concentra-
tions. TUs were summed for each sampling site and included in
the correlation analysis.
Contaminant Impact on Benthic Biodiversity
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Sampling Sites and Species Data
The running waters of the study area were mostly structurally
distorted with channel-like character, usually with trapezoidal
profiles, low depth variance, large profile depth, and almost a lack
of curvature erosion. Accordingly, the degree of anthropogenic
deformation varied mostly between class 4 (significantly modified)
to 7 (completely modified) with only La2 and Mo1 as slightly
modified (class 2) and Sw1 as single near-natural stream (class 1;
Figure S5). We identified a total of 141 different taxa across all
sampling sites (Table S2–3). The number of taxa exceeded 50 at
Wi1 and Wi2 only, while falling below 20 at La1 and Sw6 (Figure
S5). The lowest Shannon diversity was determined for La1 (0.8)
and the highest for Sw1 (3.0). At La1 and Sw2, the invertebrate
abundance was dominated by Oligochaeta and Gammarus roeselii,
contributing more than 50% to the total number of individuals
(dominance structure in Figure S5 given as contribution of
individual taxa to the total number of individuals per m
2 in
decreasing order). Plecoptera were found at Sw1 and We1 only.
Invasive species like Corbicula fluminea, Potamopyrgus antipodarum, and
Dikerogammarus villosus were commonly found in the sampling area.
At Sa2 P. antipodarum dominated species assemblage in terms of
individuals per m
2. The ecological status was evaluated as ‘good’
for two sampling sites only (Wi2 and Wi4), while 50% of the sites
were evaluated as insufficient or poor (Figure S5).
PCA-derived Variable Reduction of Contaminants
Four components of the PCA of OCs explained ca. 88% of the
total variance while component loadings (i.e., correlation coeffi-
cients between the variables and components) ranged from 0.55–
0.97. The first component (OC1) encompassed the organophos-
phates as well as the musk fragrances and DEET (Table S7). OC1
is the contaminant factor that correlated to the highest degree with
the WW load (Spearman’s r=0.932, Table S1) and is therefore
regarded as predominantly WW-associated. Octylphenol and
terbutryn were mainly represented by the second component
(OC2), bisphenol A by the third (OC3), and nonylphenol by the
fourth (OC4) component. The three components of HMs
explained ca. 78% of the total variance. The component loadings
ranged from 0.64–0.92. The first component (HM1) represented
primarily Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn (Table S8) while the
second (HM2) largely encompassed Al, As, and Ba. The third
component (HM3) represented almost exclusively Cd. The two
components calculated for PAHs explained more than 92% of the
total variance, whereas component loadings were mainly .0.9
(except for Acyl and Fl, Table S9). The first component (PAH1)
embodied 14 of the 16 PAHs while the second (PAH2) represented
acenaphtylene and fluorine. PCA reduced the total number of
contaminant variables from 40 variables to 9 variables, which were
then used for subsequent analyses.
Dissimilarities in Macroinvertebrate Assemblages Related
to Structural Degradation and Contaminants
The NMDS revealed the water body structure as one of the
major impact variables in both sampling campaigns (R
2=0.65
and 0.56; p=0.005 and 0.002; Figure 1A, B). Other significant
impact factors for the taxa composition in spring included OC1
(R
2=0.43, p=0.006) and HM3 (R
2=0.72, p=0.005). In the
autumn sampling event, HM1 was identified as a significant
impact factor (R
2=0.33, p=0.014), while OC1 and HM3 showed
no significant effect (OC1: R
2=0.18, p=0.11; HM3: R
2=0.04,
p=0.57).
Structural degradation was associated with increased abun-
dances of Diptera and Turbellaria, demonstrating the euryoecious
biology of respective species (e.g., Chironomidae; Figure 1). On the
other hand, abundances of more stenoecious Plecoptera species
decreased with increased structural modification (Figure 1).
For the spring sampling event, the multiple linear regression
model identified OC1 as the most significant impact variable on all
biotic metrics apart from the number of individuals per m
2, which
was more affected by PAH1 and PAH2 (Table 3). In the autumn
sampling event, water body structure was the most significant
impact variable on individuals per m
2 and number of taxa, while
for metrics covering more sensitive species (EPT taxa and saprobic
index; e.g., [49]), the WW-associated contaminant factor, OC1,
was the most prominent impact variable (Table 3). This might
indicate a higher susceptibility of respective taxa to corresponding
organic contaminants. HM1, HM3, PAH1 and average discharge
are all related to Shannon and Simpson diversity. The affecting
variables identified by the regression model (water body structure,
OCl, HM1 and HM3) were similar to the results of the NMDS
Table 2. Analyzed contaminants.
phase analyzed contaminant group contaminants
water organophosphates TBP (tributyl phosphate), TBEP (tris(2-butoxyethyl)phosphate), TCEP (tris(2-
chloroethyl)phosphate),TCPP (tris(2-chloro-, 1-methyl-ethyl)-phosphate), TDCPP
(tris(1,3-dichloro-2-propyl) phosphate)
biphenols BPA (bisphenol A)





sediment heavy metals aluminium, arsenic, barium, cadmium, cobalt, chromium, copper, iron, manganese,
nickel, lead, zinc
polycyclic aromatic hydrocarbons naphthalene, acenaphtylene, acenaphthene, fluorene, phenanthrene, anthracene,
fluoranthene, pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene,
benzo(k)fluoranthene, benzo(a)pyrene, dibenz(ah)anthracene, benzo(ghi)perylene,
indeno(1,2,3-cd)pyrene
doi:10.1371/journal.pone.0060616.t002
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species. Seasonal differences in species composition between both
sampling campaigns might explain differing results between spring
and autumn (e.g., [50]).
The correlation analyses–including macroinvertebrate taxa,
biotic indices, and environmental variables–revealed consistent
and highly significant correlations between organic pollutant
concentration (OC1) and indices encompassing sensitive taxa.
Biotic metrics like the saprobic index (Figure 2), number of EPT
taxa (Figure 3), and EPTCOB taxa (Ephemeroptera, Plecoptera,
Trichoptera, Coleoptera, Odonata, Bivalvia) significantly corre-
lated with OC1 (p,0.001) revealing correlation coefficients
(Spearman’s r) ranging from 20.63 to 20.81 (r=0.73 and
r=0.77 in case of the saprobic index). Moreover, single genera of
the orders Ephemeroptera and Coleoptera correlated significantly
with OC1 (Ephemera danica: r=20.70; Elmis/Limnius/Haliplus: r
ranging from 20.45 to 20.53). Accordingly, numbers of
Ephemeroptera and Coleoptera taxa and their abundances also
highly negatively correlated with OC1 (p,0.001; r,20.7).
Discussion
Key Factors Impacting Species Composition
The results of NMDS and the multiple linear regressions
suggest that WW-associated organic contaminants (OC1)–
alongside with structural degradation–play a pivotal role in
shaping macroinvertebrate species composition in anthropogeni-
cally disturbed surface waters. The correlation analyses
confirmed a deleterious relationship and indicated a reduced
biodiversity of EPT taxa and Coleoptera with increasing
concentrations of WW-associated trace organic contaminants.
The number of EPT taxa as well as the saprobic index did not
correlate with other contaminant factors that were identified as
significantly affecting the macroinvertebrates in NMDS and
multiple linear regression models (OC2, PAH1, HM1, HM3).
This might indicate that OC1 and/or co-correlated variables
were among the main negative impact factors for the
macroinvertebrate communities.
Significant impact variables in the NMDS and the regression
model did not necessarily have a deleterious effect. For instance,
HM3 was identified as significantly affecting the species compo-
sition in the NMDS and regression analyses. HM3 represents the
presence of Cd in the sediments (Table S8) suggesting a deleterious
relationship due to toxic effects of Cd. However, a positive
correlation of HM3 with the distance to the next WW treatment
plant and a negative correlation with the WW load (p,0.01)
indicated a non-causal relationship (Table S1). This is supported
by predominantly low Cd concentrations of ,0.9 mg/kg sediment
(dry weight; apart from Mo1 with 2.4 mg/kg). Regarding factor
PAH1, concentrations of PAHs exceed ‘probable effect levels’–as
proposed by Macdonald and colleagues [51]–at La1 and Mo3 by
up to 20 times. At these sampling sites macroinvertebrate
communities might be adversely affected. However, neither
NMDS nor correlation analyses were able to support a significant
impact of PAHs.
Furthermore, macroinvertebrate taxa and biotic metrics were
not correlated with the water body structure. This might, however,
mainly be a result of the rather homogenous sampling sites in
terms of structural degradation (predominantly very highly
modified, Figure S5) and does not indicate that water body
structure is less relevant.
The ecological quality class determined via ASTERICS did not
correlate with the contaminant factors. However, ASTERICS is
designed to detect general degradation that is caused by multiple
factors. The pervasive structural deterioration of the sampling sites
(Figure S5) might have a predominant impact on the quality class
determination masking any potential relationship between quality
class and pollution.
In general, the correlation analyses revealed a principle problem
with identifying environmental variables affecting species assem-
blages. The saprobic index and the number of EPT taxa, for
example, were significantly correlated (p,0.01) because many
Figure 1. NMDS biplot of taxa and environmental variables. Displayed are variables with a significant impact (p,0.05) for sampling campaign
in spring (A) and autumn (B). HM, components of the principal component analysis (PCA) with heavy metals; OC, components of the PCA with
organic contaminants; structure, structural degradation. Spring: two convergent solutions, two dimensions, stress=0.17; autumn: two convergent
solutions, two dimensions, stress=0.21).
doi:10.1371/journal.pone.0060616.g001
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and hence have a low saprobic rate resulting in a considerable
impact on the saprobic index. As the saprobic index is a measure
of O2 deficiencies due to decaying organic matter, impacts by
insufficient O2 concentrations and pollutant toxicities are hardly
distinguishable. In our case, OC1 was significantly correlated with
O2 concentrations and biological oxygen demand (Table S1). In
many studies low oxygen concentrations have been revealed to
have a significant impact on benthic invertebrates, in particular on
Ephemeroptera, Plecoptera, and Trichoptera (e.g., [52]). However,
our field measurements suggested good dissolved oxygen concen-
trations, with the bulk of measurements falling between 9.9 and
13.2 mg/L, with one exception: La1 with an average of 7.1 mg/L.
Pronounced changes in aquatic species composition are not
expected at concentrations .8 mg/L [53]. However, the presence
and potential impact of an oxygen deficiency may have been
underestimated because we did not record oxygen concentrations
at night and increased nocturnal oxygen consumption by algae or
submerged aquatic macrophytes can reduce oxygen saturation
considerably [54].
OC1 was also associated with increased salinity (r=0.93, Table
S1). Salinity has been suspected to affect species composition
elsewhere [53] and it is possible that the relationship observed
between OCl and species assemblages was more related to salinity
and not the WW-associated contaminants [55]. Again, Ephemer-
optera, Plecoptera, and Trichoptera have been shown to react
more sensitively to salinity than other benthic invertebrate species
[55]. Therefore, a negative correlation of EPT taxa with salinity
might be expected. Pond [56] documented a significant loss of
mayfly taxa in Appalachian mining regions when conductivity
exceeded 175 mS/cm. The average conductivity at our sampling
sites ranged from 419 to 1350 mS/cm indicating a potential threat
towards salinity-sensitive species. However, salinity in lowland
streams is generally higher compared to streams in higher
mountain ranges. Hence, lowland species should be more adapted
to higher salinity levels and therefore salinity effects were expected
to be less pronounced.
In the present study, salinity increase was mainly caused by the
WW burden as indicated by the high correlation coefficient
(r=0.93) and was therefore regarded as anthropogenic distur-
bance. Depending on the causal factors influencing environmental
Table 3. Multiple linear regression models testing the effect of environmental parameters and contaminants on biotic response
variables: the total number of individuals and taxa, Simpson and Shannon diversity, number of EPT taxa and the saprobic index.
response variable significant impact variables
spring autumn
pd f FR
2 pd f FR
2
individuals/m
2 PAH2 ww 1 18.77 n.a. water structure w 1 5.14 n.a.
PAH1 ww 1 8.63 n.a. HM1 w 1 4.53 n.a.
full model ww 5,20 7.09 0.55 full model n.s. 3,20 2.76 0.19
number of taxa OC1 ww 1 22.02 n.a. water structure ww 1 9.09 n.a.
PAH1 w 1 5.02 n.a. average discharge ww 1 8.47 n.a.
HM3 w 1 4.37 n.a. PAH1 w 1 7.39 n.a.
full model ww 4,21 10.62 0.61 full model ww 3,20 5.69 0.38
Simpson diversity OC1 ww 1 8.79 n.a. HM3 w 1 5.35 n.a.
OC2 w 1 6.05 n.a. PAH1 w 1 4.89 n.a.
HM1 w 1 6.19 n.a. full model n.s. 8,15 1.88 0.23
full model ww 5,20 10.48 0.65
Shannon diversity OC1 ww 1 12.30 n.a. PAH1 ww 1 12.90 n.a.
full model ww 5,20 7.78 0.58 HM3 ww 1 8.97 n.a.
average discharge w 1 5.93 n.a.
HM1 w 1 5.32 n.a.
full model w 5,18 3.37 0.34
EPT taxa OC1 ww 1 10.50 n.a. OC1 ww 1 15.82 n.a.
full model ww 4,21 4.99 0.39 water structure ww 1 10.15 n.a.
HM3 ww 1 9.18 n.a.
full model ww 5,18 4.68 0.44
saprobic index OC1 ww 1 17.18 n.a. OC1 ww 1 24.27 n.a.
HM1 w 1 4.40 n.a. HM3 w 1 5.70 n.a.
full model ww 4,21 9.07 0.56 HM1 w 1 4.86 n.a.
full model ww 6,17 7.48 0.63
Given are df-, R
2-, F- and p-values for full models after stepwise deletion of non-significant terms (n.s.) and of significant model parameters.
w,p ,0.05;
ww,p ,0.01;
www,p ,0.001; n.a., not available.
doi:10.1371/journal.pone.0060616.t003
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nied by high contaminant levels (e.g., in mining regions [49]).
Accordingly, impacts by contaminants and salinity can hardly be
distinguished. However, an indicator for WW-associated contam-
inants having an impact is the significant correlation of OC1 with
Coleoptera genera (Elmis/Limnius/Haliplus: r ranging from 20.45
to 20.53) because they are much less salinity-sensitive than other
groups of macroinvertebrate species [57].
In General, EPT taxa are more susceptible to toxicants than
other groups of macroinvertebrates [58] and in particular to OCs
[59]. Accordingly, a toxicity-related impact can be assumed.
However, the contaminants represented by OC1 are apparently of
minor ecotoxicological relevance to the EPT taxa at the quantified
concentrations, as the lowest observed effect concentrations are
3–4 orders of magnitudes higher [60–67]. This indicates that
organophosphates, synthetic musk fragrances, and DEET were
not responsible for the relationship between OC1 and species
composition. This is further supported by weak correlations of the
TU-based factors (to account for toxic characteristics of the
considered contaminants) with biota (data not shown). Addition-
ally, the inclusion of peak concentrations (90% percentiles of
measurements) did not enhance correlations. Nevertheless, our
results demonstrate that compounds represented by OC1 are a
good surrogate for contaminants associated with municipal WW
and they may be a suitable set of markers for the identification of
WW-contamination as their main entry pathway to surface waters
Figure 2. Number of EPT taxa (Ephemeroptera, Plecoptera, Trichoptera) correlating with the first component of the PCA with
organic contaminants (OC1). Displayed are results for sampling campaign in spring (A) and autumn (B). Please note different scaling of y-axes in A
and B.
doi:10.1371/journal.pone.0060616.g002
Figure 3. Saprobic index correlating with the first component of the PCA with organic contaminants (OC1). Displayed are results for
sampling campaign in spring (A) and autumn (B). Please note different scaling of y-axes in A and B.
doi:10.1371/journal.pone.0060616.g003
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musk fragrances have previously been proposed as a marker for
municipal WW by Buerge et al. [68]. Therefore, we assume that
the basic cause for the relationship between species composition
and OC1 was due to alterations of physico-chemical water
parameters and/or other contaminants present in sewage effluents
that were not considered in our study.
The WW-associated factor responsible for the deterioration of
aquatic fauna populations–oxygen concentration, salinity or
contaminants–could not be unequivocally identified with the
available data. It is possible that all factors contributed to the
observed impact on macroinvertebrate assemblages. Long-term
observations of wastewater impacted streams may help to tease
apart these factors and identify the primary factor; particularly at
sites upgraded with advanced WW treatment technologies for
enhanced pollutant removal [27,69]. If an upgrade with enhanced
pollutant removal technologies resulted in an increase in
biodiversity, it could be unequivocally determined that the
pollutants were primarily responsible for the decline in inverte-
brate populations.
Advanced WW treatment is supposed to be an appropriate
measure to improve the ecological status of WW-impacted surface
waters via contaminant degradation/removal. However, the
potential benefits and adverse impacts have to be carefully
evaluated to ensure that upgrading WW treatment facilities is a
worthwhile exercise. For example, a potential adverse impact
associated with enhanced pollutant removal technologies, like
advanced oxidation processes, is the formation of hazardous
transformation products. Environmental releases of these by-
products may outweigh the benefits of treatment plant upgrades to
include enhanced pollutant removal [70–73].
Conclusion
Our study emphasizes a clear wastewater-associated impact on
the ecological quality, e.g., decline in biodiversity, of surface waters,
despite state-of-the-art wastewater treatment with biological
activated sludge. As main factor threatening the ecological quality
we identified wastewater-associated contaminants– despite their
minute concentrations in the ng/L range–alongside with the
structural modification of the streams. Consequently, we suggest
that restoration measures should aim at improving both water as
well as structural quality of surface waters in order to increase their
ecological quality and help to conserve freshwater biodiversity.
Supporting Information
Figure S1 Sampling sites characteristics of the
Schwarzbach river system.
(PDF)
Figure S2 Sampling sites characteristics of the Modau/
Sandbach river system.
(PDF)
Figure S3 Sampling sites characteristics of the Winkel-
bach river system.
(PDF)
Figure S4 Sampling sites characteristics of the Wesch-
nitz river system.
(PDF)
Figure S5 Sampling sites characteristics.
(PDF)
Table S1 Environmental variables considered in the
analyses and their correlations.
(PDF)
Table S2 List of taxa of aquatic invertebrates found
during the sampling campaign in September 2005 at 24
sampling points.
(PDF)
Table S3 List of taxa of aquatic invertebrates found
during the sampling campaign in March 2006 at 26
sampling points.
(PDF)
Table S4 Average concentrations of 12 organic contam-
inants in the water phase.
(PDF)
Table S5 Average concentrations of 12 heavy metals/
metalloids in the sediments.
(PDF)
Table S6 Average concentrations of 16 polycyclic aro-
matic hydrocarbons in the sediments.
(PDF)
Table S7 Loading matrix of principle components
calculated by a principle component analysis of organic
contaminants listed in Table 2.
(PDF)
Table S8 Loading matrix of principle components
calculated by a principle component analysis of heavy
metals listed in table 2.
(PDF)
Table S9 Loading matrix of principle components
calculated by a principle component analysis of polycy-
clic aromatic hydrocarbons listed in table 2.
(PDF)
Acknowledgments
The authors would like to thank all participants of the INTAFERE project
(http://www.intafere.de/english/). Madeleine Payne (Smart Water Re-
search Centre, Griffith University, Gold Coast, Australia) is greatly
acknowledged for reviewing and editing the manuscript. Matthias Oetken
and Maren Heß are acknowledged for fruitful discussions and helpful
advices. Furthermore, the authors thank Heike Heidenreich and Gerlinde
Liepelt from the International Institute of Higher Education (Zittau,
Germany) for their analyses of sediment-bound pollutants.
Author Contributions
Conceived and designed the experiments: DS AM KQ AB JO. Performed
the experiments: DS AM KQ AB JO. Analyzed the data: DS AM KQ AB
JO. Contributed reagents/materials/analysis tools: DS AM KQ AB JO.
Wrote the paper: DS AM KQ AB JO.
References
1. Ricciardi A, Rasmussen JB (1999) Extinction rates of North American
freshwater fauna. Conservation Biology 13: 1220–1222.
2. Jenkins M (2003) Prospects for biodiversity. Science 302: 1175–1177.
3. Spanhoff B, Arle J (2007) Setting attainable goals of stream habitat restoration
from a macroinvertebrate view. Restoration Ecology 15: 317–320.
4. Brack W, Apitz SE, Borchardt D, Brils J, Cardoso AC, et al. (2009) Toward a
holistic and risk-based management of european river basins. Integrated
Environmental Assessment and Management 5: 5–10.
5. Ginebreda A, Munoz I, de Alda ML, Brix R, Lopez-Doval J, et al. (2010)
Environmental risk assessment of pharmaceuticals in rivers: Relationships
Contaminant Impact on Benthic Biodiversity
PLOS ONE | www.plosone.org 8 April 2013 | Volume 8 | Issue 4 | e60616between hazard indexes and aquatic macroinvertebrate diversity indexes in the
Llobregat River (NE Spain). Environment International 36: 153–162.
6. Borja A, Dauer DM (2008) Assessing the environmental quality status in
estuarine and coastal systems: Comparing methodologies and indices. Ecological
Indicators 8: 331–337.
7. Hering D, Moog O, Sandin L, Verdonschot PFM (2004) Overview and
application of the AQEM assessment system. Hydrobiologia 516: 1–20.
8. Diaz RJ, Solan M, Valente RM (2004) A review of approaches for classifying
benthic habitats and evaluating habitat quality. Journal of Environmental
Management 73: 165–181.
9. Commission E (2000) Establishing a framework for community action in the
field of water policy. Directive 2000/60/EC of the European parliament and of
the council.
10. Karlson K, Rosenberg R, Bonsdorff E (2002) Temporal and spatial large-scale
effects of eutrophication and oxygen deficiency on benthic fauna in
Scandinavian and Baltic waters - A review. Oceanography and Marine Biology
40: 427–489.
11. Vaughan IP, Ormerod SJ (2012) Large-scale, long-term trends in British river
macroinvertebrates. Global Change Biology 18: 2184–2194.
12. BMU (2007) Bundesministerium fuer Umwelt, Naturschutz und Reaktorsicher-
heit [German Federal Ministry for the Environment, Nature Conservation and
Nuclear Safety]. Wastewater flow processed in German municipal wastewater
treatment plants. Bundesministerium fuer Umwelt website. Available: http://
www.bmu.de/binnengewaesser/abwasser/doc/3142.php. Accessed 2013 Mar 5.
13. Schwarzenbach RP, Escher BI, Fenner K, Hofstetter TB, Johnson CA, et al.
(2006) The challenge of micropollutants in aquatic systems. Science 313: 1072–
1077.
14. UNSD (2010) United Nations Statistic Division. Environmental Indicators:
Inland Waters Resources – Wastewater (UNSD, New York).
15. Daughton CG, Ternes TA (1999) Pharmaceuticals and personal care products in
the environment: Agents of subtle change? Environmental Health Perspectives
107: 907–938.
16. Daughton CG (2003) Cradle-to-cradle stewardship of drugs for minimizing their
environmental disposition while promoting human health. I. Rationale for and
avenues toward a green pharmacy. Environmental Health Perspectives 111:
757–774.
17. Jobling S, Casey D, Rodgers-Gray T, Oehlmann J, Schulte-Oehlmann U, et al.
(2003) Comparative responses of molluscs and fish to environmental estrogens
and an estrogenic effluent. Aquatic Toxicology 65: 205–220.
18. Oetken M, Nentwig G, Loffler D, Ternes T, Oehlmann J (2005) Effects of
pharmaceuticals on aquatic invertebrates. Part I. The antiepileptic drug
carbamazepine. Archives of Environmental Contamination and Toxicology
49: 353–361.
19. Parrott JL, Blunt BR (2005) Life-cycle exposure of fathead minnows (Pimephales
promelas) to an ethinylestradiol concentration below 1 ng/L reduces egg
fertilization success and demasculinizes males. Environmental Toxicology 20:
131–141.
20. Oehlmann J, Schulte-Oehlmann U, Bachmann J, Oetken M, Lutz I, et al. (2006)
Bisphenol A induces superfeminization in the ramshorn snail Marisa cornuarietis
(Gastropoda : Prosobranchia) at environmentally relevant concentrations.
Environmental Health Perspectives 114: 127–133.
21. Nentwig G (2007) Effects of pharmaceuticals on aquatic invertebrates. Part II:
The antidepressant drug fluoxetine. Archives of Environmental Contamination
and Toxicology 52: 163–170.
22. Triebskorn R, Casper H, Scheil V, Schwaiger J (2007) Ultrastructural effects of
pharmaceuticals (carbamazepine, clofibric acid, metoprolol, diclofenac) in
rainbow trout (Oncorhynchus mykiss) and common carp (Cyprinus carpio). Analytical
and Bioanalytical Chemistry 387: 1405–1416.
23. Bundschuh M, Zubrod JP, Schulz R (2011) The functional and physiological
status of Gammarus fossarum (Crustacea; Amphipoda) exposed to secondary
treated wastewater. Environmental Pollution 159: 244–249.
24. Beasley G, Kneale P (2002) Reviewing the impact of metals and PAHs on macro
invertebrates in urban watercourses. Progress in Physical Geography 26: 236–
270.
25. Liu Z, Kanjo Y, Mizutani S (2009) Removal mechanisms for endocrine
disrupting compounds (EDCs) in wastewater treatment - physical means,
biodegradation, and chemical advanced oxidation: A review. Science of The
Total Environment 407: 731–748.
26. Koh YKK, Chiu TY, Boobis AR, Scrimshaw MD, Bagnall JP, et al. (2009)
Influence of operating parameters on the biodegradation of steroid estrogens and
nonylphenolic compounds during biological wastewater treatment processes.
Environmental Science & Technology 43: 6646–6654.
27. Stalter D, Magdeburg A, Wagner M, Oehlmann J (2011) Ozonation and
activated carbon treatment of sewage effluents: Removal of endocrine activity
and cytotoxicity. Water Research 45: 1015–1024.
28. Fahrenberger G (1986) Hessisches Ried und Bergstraße. Hessen.: Staatliche
Landesbildstelle.
29. Ehlert T, Hering D, Koenzen U, Pottgiesser T, Schuhmacher H, et al. (2002)
Typology and type specific reference conditions for medium-sized and large
rivers in North Rhine-Westphalia: Methodical and biological aspects. Interna-
tional Review of Hydrobiology 87: 151–163.
30. Pottgiesser T, Sommerha ¨user M (2003) Map of German stream types December
2003. Fließgewaesserbewertung website. Available: http://www.
fliessgewaesserbewertung.de/download/typologie/. Accessed 2013 Mar 5.
31. Zumbroich T, Mu ¨ller A, Friedrich G (1999) Strukturguete von Fließgewaessern -
Grundlagen und Kartierung. Springer, Berlin.
32. Haase P, Sundermann A (2004) Standardisierung der Erfassungs- und
Auswertungsmethoden von Makrozoobenthosuntersuchungen in Fließgewa ¨ssern.
Forschungsinstitut Senckenberg, Gelnhausen. Fließgewaesserbewertung website.
Available: http://www.fliessgewaesserbewertung.de/download/probenahme-
sortierung/. Accessed 2013 Mar 5.
33. Haase P, Sundermann A, Schindehu ¨tte K (2006) Informationstext zur Operationellen
Taxaliste als Mindestanforderung an die Bestimmung von Makrozoobenthosproben
aus Fließgewa ¨ssern zur Umsetzung der EU-Wasserrahmenrichtlinie in Deutschland.
Forschungsinstitut Senckenberg, Gelnhausen. Fließgewaesserbewertung website.
Available: http://www.fliessgewaesserbewertung.
de/download/bestimmung/. Accessed 2013 Mar 5.
34. Quednow K, Pu ¨ttmann W (2007) Monitoring terbutryn pollution in small rivers
of Hesse, Germany. Journal of Environmental Monitoring 9: 1337–1343.
35. Quednow K, Puttmann W (2008) Endocrine disruptors in freshwater streams of
Hesse, Germany: Changes in concentration levels in the time span from 2003 to
2005. Environmental Pollution 152: 476–483.
36. Quednow K, Puttmann W (2008) Organophosphates and synthetic musk
fragrances in freshwater streams in Hessen/Germany. Clean-Soil Air Water 36:
70–77.
37. Quednow K, Puttmann W (2009) Temporal concentration changes of DEET,
TCEP, terbutryn, and nonylphenols in freshwater streams of Hesse, Germany:
possible influence of mandatory regulations and voluntary environmental
agreements. Environmental Science and Pollution Research 16: 630–640.
38. US-EPA (1982) The U.S. Environmental Protection Agency. List of Priority
Pollutants. Office of Water. Water Quality Standards Database. Office of the
Federal Registration (OFR) Appendix A: priority pollutants. Fed Reg. 47:
52309.
39. DIN (1996) Bestimmung von 61 Elementen durch Massenspektrometrie mit
induktiv gekoppeltem Plasma (ICP-MS). Fachgruppe Wasserchemie der GDCh
und Normenausschuss Wasserwesen (NAW) im DIN Deutsches Institut fu ¨r
Normung e.V. (Hrsg.): Deutsche Verfahren zur Wasser-, Abwasser- und Schlammunter-
suchung. Band 1. VCH Weinheim, Beuth-Verlag, Berlin. ed.
40. DIN (1996) Bestimmung von 6 polyzyklischen aromatischen Kohlenwasser-
stoffen (PAK) mittels Hochleistungs-Flu ¨ssigkeitschromatographie. Fachgruppe
Wasserchemie der GDCh und Normenausschuss Wasserwesen (NAW) im DIN
Deutsches Institut fu ¨r Normung e.V. (Hrsg.): Deutsche Verfahren zur Wasser-,
Abwasser- und Schlammuntersuchung. Band 1. VCH Weinheim, Beuth-Verlag,
Berlin. ed.
41. Hakanson L, Jansson M (1983) Principles of Lake Sedimentology. Springer,
Berlin.
42. DIN (1987) Bestimmung der Partikelgro ¨ßenverteilung eines dispersen Gutes
durch Siebanalyse. Fachgruppe Wasserchemie der GDCh und Norme-
nausschuss Wasserwesen (NAW) im DIN Deutsches Institut fu ¨r Normung e.V.
(Hrsg.): Deutsche Verfahren zur Wasser-, Abwasser- und Schlammuntersuchung. Band 1.
VCH Weinheim, Beuth-Verlag, Berlin. ed.
43. DIN (1987) Bestimmung der Sauerstoffzehrung in n Tagen. Fachgruppe
Wasserchemie der GDCh und Normenausschuss Wasserwesen (NAW) im
DIN Deutsches Institut fu ¨r Normung e.V. (Hrsg.): Deutsche Verfahren zur Wasser-,
Abwasser- und Schlammuntersuchung. Band 1. VCH Weinheim, Beuth-Verlag,
Berlin. ed.
44. AQEM (2006) ASTERICS - Software manual - Version 3.0. Fließgewaesserbewertung
website. Available: http://www.fliessgewaesserbewertung.de/download/berechnung/.
Accessed 2013 Mar 5.
45. Backhaus K, Erichson B, Plinke W, Weiber R (2006) Multivariate Analyse-
methoden - Eine anwendungsorientierte Einfu ¨hrung. Springer, Berlin.
46. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, et al. (2011) vegan:
Community Ecology Package. R package version 2.0–2. R-project website.
Available: http://CRAN.R-project.org/package=vegan. Accessed 2013 Mar 5.
47. Crawley MJ (2007) The R Book. Wiley; 1 edition (June 19, 2007).
48. Liess M, Von der Ohe PC (2005) Analyzing effects of pesticides on invertebrate
communities in streams Environmental Toxicology and Chemistry 24: 954–965.
49. Clements WH, Carlisle DM, Lazorchak JM, Johnson PC (2000) Heavy metals
structure benthic communities in colorado mountain streams. Ecological
Applications 10: 626–638.
50. Linke S, Bailey RC, Schwindt J (1999) Temporal variability of stream
bioassessments using benthic macroinvertebrates. Freshwater Biology 42: 575–
584.
51. Macdonald DD, Carr RS, Calder FD, Long ER, Ingersoll CG (1996)
Development and evaluation of sediment quality guidelines for Florida coastal
waters. Ecotoxicology 5: 253–278.
52. Coimbra CN, Graca MAS, Cortes RM (1996) The effects of a basic effluent on
macroinvertebrate community structure in a temporary Mediterranean river.
Environmental Pollution 94: 301–307.
53. Jacobsen D, Rostgaard S, Vasconez JJ (2003) Are macroinvertebrates in high
altitude streams affected by oxygen deficiency? Freshwater Biology 48: 2025–
2032.
54. Laursen AE, Seitzinger SP (2004) Diurnal patterns of denitrification, oxygen
consumption and nitrous oxide production in rivers measured at the whole-
reach scale. Freshwater Biology 49: 1448–1458.
55. Kefford BJ, Marchant R, Schafer RB, Metzeling L, Dunlop JE, et al. (2011) The
definition of species richness used by species sensitivity distributions approximates
Contaminant Impact on Benthic Biodiversity
PLOS ONE | www.plosone.org 9 April 2013 | Volume 8 | Issue 4 | e60616observedeffectsofsalinityonstreammacroinvertebrates.EnvironmentalPollution
159: 302–310.
56. Pond GJ (2010) Patterns of Ephemeroptera taxa loss in Appalachian headwater
streams (Kentucky, USA). Hydrobiologia 641: 185–201.
57. Kefford BJ, Hickey GL, Gasith A, Ben-David E, Dunlop JE, et al. (2012) Global
scale variation in the salinity sensitivity of riverine macroinvertebrates: Eastern
Australia, France, Israel and South Africa. Plos One 7: e35224.
58. Beketov MA (2004) Comparative sensitivity to the insecticides deltamethrin and
esfenvalerate of some aquatic insect larvae (Ephemeroptera and Odonata) and
Daphnia magna. Russian Journal of Ecology 35: 200–204.
59. Von Der Ohe PC, Liess M (2004) Relative sensitivity distribution of aquatic
invertebrates to organic and metal compounds. Environmental Toxicology and
Chemistry 23: 150–156.
60. WHO (1998) Flame retardants: Tris(chloropropyl) phosphate and tris(2-
chloroethyl) phosphate - Environmental Health Criteria 209, Genf.
61. WHO (2000) Flame retardants: Tris(2-butoxyethyl) phosphate, tris(2 ethylhexyl)
phosphate and tetrakis(hydroxymethyl) phosphonium salts - Environmental
Health Criteria 218, Genf.
62. EC (2000) European Commission - IUCLID Dataset: Tributyl Phosphate.
European Chemicals Bureau Luxembourg.
63. EC (2000) European Commission - IUCLID Dataset: 4-(1,1,3,3-Tetramethylbuthyl)
Phenol. European Chemicals Bureau Luxembourg.
64. EC (2000) European Commission - IUCLID Dataset: Tris(2-Chloroethyl)
Phosphate. European Chemicals Bureau Luxembourg.
65. EC (2002) European Commission - 4-Nonylphenol (branched) and Nonylphe-
nol. European Union Risk Assessment Report 10. European Chemicals Bureau
Luxembourg. EUR 20387 EN.
66. EC (2003) European Commission - 4,49-Isopropylidenephenol (Bisphenol-A).
European Union Risk Assessment Report 37. European Chemicals Bureau
Luxembourg. EUR 20843 EN.
67. Artola-Garicano E, Sinnige TL, van Holsteijn I, Vaes WHJ, Hermens JLM
(2003) Bioconcentration and acute toxicity of polycyclic musks in two benthic
organisms (Chironomus riparius and Lumbriculus variegatus). Environmental Toxicol-
ogy and Chemistry 22: 1086–1092.
68. Buerge IJ, Buser H-R, Mueller MD, Poiger T (2003) Behavior of the polycyclic
musks HHCB and AHTN in lakes, two potential anthropogenic markers for
domestic wastewater in surface waters. Environmental Science and Technology
37: 5636–5644.
69. Hollender J, Zimmermann SG, Koepke S, Krauss M, McArdell CS, et al. (2009)
Elimination of organic micropollutants in a municipal wastewater treatment
plant upgraded with a full-scale post-ozonation followed by sand filtration.
Environmental Science & Technology 43: 7862–7869.
70. Magdeburg A, Stalter D, Oehlmann J (2012) Whole effluent toxicity assessment
at a wastewater treatment plant upgraded with a full-scale post-ozonation using
aquatic key species. Chemosphere 88: 1008–1014.
71. Stalter D, Magdeburg A, Oehlmann J (2010) Comparative toxicity assessment of
ozone and activated carbon treated sewage effluents using an in vivo test battery.
Water Research 44: 2610–2620.
72. Stalter D, Magdeburg A, Weil M, Knacker T, Oehlmann J (2010) Toxication or
detoxication? In vivo toxicity assessment of ozonation as advanced wastewater
treatment with the rainbow trout. Water Research 44: 439–448.
73. Weemaes M, Fink G, Lachmund C, Magdeburg A, Stalter D, et al. (2011)
Removal of micropollutants in WWTP effluent by biological assisted membrane
carbon filtration (BIOMAC). Water Science and Technology 63: 72–79.
Contaminant Impact on Benthic Biodiversity
PLOS ONE | www.plosone.org 10 April 2013 | Volume 8 | Issue 4 | e60616